. (1977). Thorax, 32,[424][425][426][427][428]. Interaction between isoprenaline and aminophylline in asthma. Using a factorially designed study, 38 patients with bronchial asthma received a single dose of either isoprenaline by inhalation (9), aminophylline intravenously (10), isoprenaline and aminophylline (11), or placebo (8). The maximum expiratory flow (V max), the maximum expiratory flow at 50% of vital capacity (V max5,), and the concentrations of plasma cyclic AMP were measured at time intervals up to two hours. The combination of isoprenaline and aminophylline acted synergistically in terms of the percent increase in V max50. However, this was statistically significant only at 20 minutes. Plasma cyclic AMP concentration rose with a similar time course of response to the changes in small airways. The elevations in plasma cyclic AMP observed with the drug combination were higher than those for the individual drugs at 10, 20, 30, and 60 minutes but these differences were not statistically significant. These observations support the concept that changes in bronchial smooth muscle tone are mediated by concentrations of cyclic nucleotides and that combinations of isoprenaline and aminophylline, rather than the administration of each drug separately, may have therapeutic advantages in the treatment of bronchial asthma.
It is common practice to use beta-adrenergic stimulants and methyl xanthines in the treatment of bronchial asthma. The studies of Robison et al. (1971) suggest that the beta-adrenergic effects of catecholamines are mediated through 3'5' cyclic adenosine monophosphate (cyclic AMP), the intracellular 'second messenger'. Methyl xanthines inhibit phosphodiesterase, the enzyme which inactivates cyclic AMP (Butcher and Sutherland, 1962) , and it is proposed (Leading article, 1970) that methyl xanthines and beta-adrenergic agents may produce bronchodilatation by increasing the level of cyclic AMP in bronchial and bronchiolar smooth muscle.
Drugs which individually act at different points in the metabolic pathway of a compound in such a way as to increase the amount of that compound may, when used together, produce an increase greater than the sum of the increases produced 'Present address: Respiratory Department, Bristol Royal Infirmary 'University Department of Pathology, Edinburgh by each drug alone, that is, they may interact synergistically (Veldstra, 1956) . There is evidence in vitro for synergy between beta-adrenergic agents and methyl xanthines (Rall and West, 1963; Lichtenstein and Margolis, 1968; Kaliner et al., 1971 ). The present study was designed to establish whether such interaction could be demonstrated in vivo in man. We studied the effects of inhaled isoprenaline and intravenous aminophylline on the airways and on heart rate. The level of cyclic AMP in plasma was also measured as it has been described as a convenient index of effects of drugs on tissue levels of cyclic AMP (Ball et al., 1972; Karlberg et al., 1974; Wehman et al., 1974 The data obtained were subjected to an analysis of variance for a factorial experiment (Armitage, 1971) . This analysis provided an assessment of the effects of isoprenaline, aminophylline, and of the combination of the two drugs. An interaction term was derived at each time and its standard error was calculated. If the interaction term was larger than twice its own standard error (that is, was significantly different from zero), the drugs had interacted synergistically.
Results
The mean pre-treatment values of V max50,, V max, heart rate, and plasma cyclic AMP for each group are shown in the Table. The differences between groups were not statistically significant. The means of the percentage increases in V max50 produced by each treatment are shown in Figure 1 . The placebo group remained much the same over the two hours. The combination I+A produced increases which were larger than those produced by either drug alone, but at 60 minutes and 120 minutes the differences between A and I+A were not significant at the 5% level.
Although I+A was significantly different from the other three groups at all other times, it was only at 20 minutes that the interaction term was greater than twice its standard error. At 5, 10, and 30 minutes the suggestion that the combination was synergistic was not significant at the 5% level.
The same trend towards a synergistic effect on V max was apparent up to 30 minutes after treatment (Fig. 2) , but this trend did not achieve statistical significance. At 60 and 120 minutes the effects of I+ A were greater than those of I alone (P<0-05) but were much the same as A alone. The effects on heart rate are shown in Figure 3 I, A, and I+A produced similar changes in plasma cyclic AMP (Fig. 4) , and these changes paralleled the time course of the changes in the airways. At 10, 20, 30, and 60 minutes the combination I+ A produced changes greater than those produced by each drug alone but the differences were not statistically significant. 
Discussion
Synergy between two drugs is said to occur if the effect produced when they are given together is greater than the sum of their effects when given individually. It is generally accepted that a displacement to the left of the dose-response curve of one drug by another drug indicates synergistic interaction. To be conclusive this shift should be significantly greater than the response to the second drug alone. An alternative method for investigating interaction, which avoids the necessity of establishing dose response curves, is to use single, fixed doses of the drugs in a factorially designed experiment (Armitage, 1971; Pearson et al., 1976) , and we have used this latter method. Hume and Rhys Jones (1961) observed an additive effect of isoprenaline and aminophylline on FEV1 in six patients. Pihlajamaki et al. (1972) examined the effects of glyphylline and isoprenaline singly and in combination, and Cohen and Elizabeth (1974) studied ephedrine and theophylline, but none of these studies was designed in a way which would allow the observed effects to be analysed quantitatively for synergy. Using a factorial design, we have now shown a synergistic bronchodilator effect between isoprenaline and aminophylline on V max50 but not on V max.
While it is possible that reducing variation by studying larger numbers of patients or by using a within-patient comparison of the drugs might have resulted in the demonstration of synergistic interaction on V max it is also possible that the different findings for V max and V max50 represent a true difference of the effects of the drugs at different sites in the airways, because it has been argued that changes in maximum expiratory flow rate at 50% forced vital capacity reflect changes in calibre of the smaller airways (McFadden and Linden, 1972) .
It would seem that plasma levels of cyclic AMP reflect only broadly changes occurring at tissue level for although the time courses of the plasma cyclic AMP changes were similar to those of the airways we have found no difference between the effect of I, A, and I+A on plasma cyclic AMP. This is not entirely surprising when one considers that the level of plasma cyclic AMP is only 1% of the level in tissues (Karlberg et al., 1974) and that the plasma concentration of cyclic AMP is thought to be the result of a leakage of cyclic AMP from cells into the extracellular space (Broadus et al., 1971) . Nevertheless the marked response in plasma cyclic AMP 10 minutes after the administration of drugs used in treating acute asthma may have important therapeutic implications. In status asthmaticus the response to betaadrenergic stimulants is sometimes impaired or absent, and it has been suggested that alphaadrenergic blocking drugs can restore betaresponsiveness (Palmer et al., 1974; Patel and Kerr, 1975) . Furthermore, some patients with chronic asthma appear to have lost their ability to respond to beta-adrenergic stimulants, and Ellul-Micallef and Fenech (1975) Neither synergy nor addition was found in the action of the drugs on heart rate. At rest heart rate is controlled predominantly by the parasympathetic nervous system (Robinson et al., 1953; Robinson et al., 1966) and reflex parasympathetic changes might be expected to redress changes induced by isoprenaline and aminophylline, thereby making it difficult to show interaction of these drugs on heart rate. However, both A and I+ A produced a significant rise in heart rate five minutes after treatment. In status asthmaticus such a rise might be unacceptable unless oxygen was available to counteract the possible worsening of hypoxaemia that might result.
Our demonstration of the synergistic interaction between a beta-adrenergic stimulant and a methyl xanthine on the airways of man in vivo supports the concept that cyclic AMP may participate in the events leading to bronchodilatation and provides a rationale for their combined use in the treatment of asthma. 
